UKt uAit <u/lO/95 APPLN. ID 21322/9-5 
AOJP DATE 07/12/95 PCT NUMBER PCT/AU95/00191 




Illllll 



j (51) Intemalionai Patent Classification 6 
F25J l/02 ? 5/00 



AU9521322 



Al 



-T) 



j CI) International Application Number: PCT. AU95/0O19! 

(22) International Filing Dale: 5 Apri , l995 mM .9S) 



(11) International Publication Number: WO 95/27179 

(43) International Publication Date: i: October 1995 ( I2.10.9M 



(30) Priority Data: 
PM 4S56 



5 April 1994 (05.04.94) 



AU 



(71) Applicant (for all designated States except US)' BHP PPTRO 

LEUM PTY. LTD. fAU/AU]; BHP PctroLn^i^O 
Collins Street. Melbourne. VIC 3000 (AU). 

(72) Inventor; and 

f7S) Inventor/Applicant (for US only): DUBAR, Christopher Al 
jred [GB/AUJ; 4,0 Balcombe Road. BeaumSs . V,C • 3193 

(74) A R-' : McCORMACK John. David; Grif-h Hack & Co.. 509 
St. Kildd Road, Melbourne. VIC 3004 (AU). 



(81) Designated States: AM. AT. AU. 3B. BG BR BY CA CH 
CN. CZ. DE. DK. EE ES. R. GB. GE. HU IS j'p K c 
KG. KP. KR, K2. LK, LR. LT. LU. LV MD MG MN 
MW. MX. NO. N2. PL. PT. RO. RU. SD. SE SG SI SK 

Vim 5™ VN ' Europcan pa,fn, ' (AT: 

ML MR. NE SN. TD, TC). ARJPO patent (KE MW. SO 
St.. UG). 



Published 

With international search report. 
With amended claims. 



(54) Title: LIQUEFACTION PP.JCESS " 
(57) Abstract • ' 

■ ,._ for Prod-icing a liquefied natural product such as 

' s dexn **4 a single phase nitrogen reSer^t is used 

•n such a way that the rrfngaant stream (10) is diviE leS 

wo; Krparnte pontons (12. 14) which are passed through sepmfe 
turbo-„ pand (joe. , 08) ^ 

exchangers (103. 104) so that the warming curve of the iSgrS 
more closely matches the cooling curve of the product bein^S 
so as to mmim.se thermodynamic inefficiencies and hence power 
rcqmrements mvolved in operation of the method ^ 
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LIQUEFACTION PROCESS 

The present im ention relates generally to liquefaction 
processes and in particular to liquefaction of gaseous 
products including natural gas. The invention particularly 
5 relates to the initial liquefaction of natural gas from the 
field. More particularly the present, invention relates to 
a method and process for operating a liquefaction plant in 
a more efficient and economical manner. Even more 
particularly, the present invention relates to the use of 

10 nitrogen as the refrigerant in the liquefaction of natural 
gas, more particularly, to a modification of or an 
improvement in the nitrogen expander, cycle process which is 
used in the liquefaction of natural gas feed stock whereby 
the supply of nitrogen that is used to effect cooling of 

15 the natural gas feed is divided -into two or more portions 

in which each portion effects co?l!n^"bF""tiSe naturliT^gas^ ir. 
' a dif ^ erent operation and/or in different parts of the 

installation in which the overall process is conducted and 
at different temperatures and pressures. The present 

20 invention particularly relates to split nitrogen flow 
cycles whereby the different portions of the nitrogen 
refrigerant are passed through different expanders which 
are arranged in parallel with each other. 

Although the present invention will be described with 
25 particular reference to process cycles for the liquefaction 
of natural gas in which nitrogen is used as the 
ref rig-rant, it is to be noted that the scope of the 
present invention is not restricted to the described 
embodiment or embodiments but rather the scope of the 
30 present invention is more extensive so as to include other 
methods and applications of the process using nitrogen, and 
to the use of other gases in the improved application or in 
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other applications than those specifically described. 
Natural gas which is obtained _ n ^ ^ ^ ^ ^ ^ 

Z and „° il fi3ldS ° CCUrring ^ natUrS ' 18 fro, 
the earth co form a natural gas teed which requires 

processing before it can be used commercially. The natural 
aas feed enters a processing facility and is processed 
through a variety of operations - n different 

to finally emerge as liquid natural gas ( LNG ) in a form 
which is suitable for use. The liquid gas is subsequently 
stored and transported to another suitable site for 
revaporisation and subsequent use. m the processing of ■ 
the natural gas feed the gas emerging from the naturally 
occurring field must be first pretreated to remove or 
reduce the concentrations of impurities or contaminants 
such as for example carbon dioxide and water or the like 
before it is cooled to form LNG in order to reduce or 
elxmxnate the chances of blockage to equipment used in the 
Processing occurring and to overcome other processing 
difficulties. one example of the impurities and/or 
contaminants are acid gases such as carbon dioxide and 

hydrogen sulphide iftPr i-h« 

Atter the acid ga? is removed in an 

acid gas removal installation, the feed gas stream is dried 
to remove all traces of water. Mercury ie also removed 
from the natural feed gas prior to cooling. Once all of 
the contaminants or unwanted or undesirable materials are 
removed from the feed gas stream it undergoes subsequent 
processing, such as cooling, to produce LNG. 

Cooling of the natural gas feed may be accomplished by a 
number of different cooling process cycles, such as for 
example, the cascade cycle where refrigeration is provided 
by three different refrigerant cycles, i.e. by using 
methane, ethylene and propane in sequence. Another cooling 
Process cycle uses a propane preceded, mixed refrigerant 
cycle which involves the use of a multicomponent mixture of 
hydrocarbons, e.g. propane/ethane/methane and/or nitrogen 
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in one cycle and a separate propane refrigeration cycle in 
another cycle to provide precooling of the mixed 
refrigerant and natural gas. A further cooling process 
involves th P use of a nitrogen expander cycle in which, in 
its simplest form, a closed loop is employed in which 
nitrogen gas is first compressed and cooled to ambient 
conditions with air or water cooling and then further 
cooled by counter-current exchange with cold low pressure 
nitrogen gas. The cooled nitrogen stream is then expanded 
through a turbo -expander to produce a cold low pressure 
stream. The cold nitrogen gas is used to cool the natural 
gas feed and the high pressure nitrogen stream. The work 
produced in the expander by the nitrogen expanding is 
recovered in a nitrogei. booster compressor connecteu to the 
15 shaft of the expander. Thus, in this process cold nitrogen 
is not only used to liquefy_the natural gas by cooling it 
but the cold nitrogen is also used to precool or cool 
nitrogen gas in the same exchanger. The precooled or 
cooked nitrogen is then subsequently further cooled by 
20, expansion to form the cold nitrogen refrigerant. 

improvements to the simple nitrogen cycle have been 
disclosed whereby the high pressure nitrogen refrigerant is 
divided into two portions where one portion is 
isentropically expanded in a turbo-expander and a second 
portion is isenthalpically expanded. through a valve to 
produce, in some applications, liquid refrigerant. The 
objective of this improvement is to avoid large separations 
between the heating and cooling curves which are evidence 
of thermodynamic inefficiencies and higher power 
requirements fer the refrigeration loop. The field of 
application for this type of modification has typically 
been for reliquefying low temperature, low pressure boil- 
off gases from LNG storage vessels which may contain high 
nitrogen content in the gas during transportation of the 
LNG or during offloading operations or when the vessel is 
in restricted areas where venting of LNG is prohibited. 
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such as in major population centres and the like. However, 
the operating parameters for religuef ying boil-off gases 
are completely different to the operating parameters for 
producing LNG from field gases. 

One such different operating parameter is that the cooling 
curves for boil-off gases are a different shape to that 
encountered for the liquefaction of natural gas in base- 
load plants or peak-shaving plants where the natural gas 
feed is usually available at high pressure and ambient 
temperature resulting in a different shape of cooling 
curve. The known modifications to the nitrogen cycle to 
essentially reliquefy boil-off gas from LNG that has 
previously been made elsewhere do not result in the same 
reductions in power requirements that the present invention 
provides, firstly due to the better matching of the cooling 
curve for the high pressure, ambient temperature feed 
stream and secondly as a result of expanding the second 
portion of the refrigerant isentropically through a turbo 
expander rather than isenthalpica lly through a valve which 
results in higher thermodynamic irreversibilities, and thus 
consumes more power which is opposite to the present 
invention which consumes less power. 

Other improvements to the simple nitrogen refrigeration 
cycle are also known from the air separation industry 
whereby the high pressure nitrogen refrigerant is similarly 
divided into two portions where one portion is 
isentropically expanded in two turbo- expanders in sequence 
with reheating of the refrigerant from the first expander 
against feed gas before expanding in the second expander. 
The second portion of the refrigerant is expanded 
r.senthalpically as discussed above through a valve and the 
objectives as before are to reduce the separations of the 
heating and cooling curves and hence minimise the power 
requirements for the refrigeration cycle. When this known 
modification is applied to the liquefaction of high 
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pressure natural gas at ambient temperature it does not 
result in the same reductions in power that the present 
xnvention would obtain due to the better matching of the 
cooling curve and reduction in the thermodynamic 
irreversibilities associated with the expansion of the 
second portion of refrigerant isenthalpically through a 
valve. 
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The present invention is a further modification of or an 
improvement in the use of the nitrQgen ^ ^ 

involves the use of a single phase refrigerant which is a 
gas which is wholly nitrogen or a gas which is a major 
portion of nitrogen mixed with minor amounts of ether 

ZldT gaSe8 ' SUCh 33 mSthane ' " 18 ^ ° th " ~ «"ch 
could be used as a single phase refrigerant when cooled by 

expansion in a turbo - expander . . However, in operation of 

the present invention, it is USU al to use a gas which is 

substantially wholly nitrogen. 



1 



, Although the nitrogen expander cycles of the prior art are 
usually only considered for small scale LNG plants or boil- 

gas relicjuefaction because the power consumption of 
using this refrigeration system is generally gre ater than 
for other cooling cycles, thus making operating costs for 
LNG produced by this method more expensive than when using 
other refrigeration systems, the nitrogen expander cycle 
has a number of inherent advantages when compared to the 
conventional mixed refrigeration cycle. These advantages 
include the use of a safe non-flammable refrigerant as 
opposed to the use of large amounts of flammable 
hydrocarbons which are necessary when using the mixed 
refrigerant process. Mother advantage includes the easy 
replenishment of the nitrogen refrigerant which is readilv 
avaxlable and easily obtained since fresh nitrogen 
refragerant is readily extracted from the atmosphere at the 
Plant site whereas with the mixed refrigerant processes 
relatively large amounts of each of the components of the 
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mixed refrigerant cycle must be obtained either from the 
natural gas feed by being extracted from the natural gas 
feed, fractionated into the various components and 
independently stored, and then recombined in the correct 
proportions to replenish the refrigerant or be brought to 
the site and stored until needed. When sufficient natural 
gas liquids are not present in the natural ga8 feed stream 
the cifferent components of the mixed refrigerant must be 
sported, all of which adds to the cost of using this form 
of refrigerant and to the overall cost of the process, and 
hence the final cost of the LNG itself. Additionally 
storage facilities are retired for each of the components 
of the mixed refrigerant system which contributes to the 
8126 ^ c <W*ity of the overall installation and results 
m additional operating costs and safety problems. 

A further advantage of using nitrogen as the refrigerant or 
as the major part of the refrigerant relates to th* 
Physical si ze and layout of the installation in that 
conventional mixed refrigerant processes require a large 
number of individual equipment items associated with the 
propane preceding loop and other ancillary services to the 
basic mixed refrigerant loop to be located at widely spaced 
apart locations to allow room for piping and valves and to 
reduce the risk of f ire and to avoid other safety hazards 
whereas processes using nitrogen do not present the same 
fare risks or safety hazards as nitrogen is not combustible 
and also l ess individual equipment items are required and 
what items are required can be located much closer together 
which reduces the physical size and complexity of the 
30 overall installation. The reduction in size, complexity, 

safety hazards and fire risks in the LNG installation using 
nitrogen refrigerant results in the possibility of nitrogen 
refrigerants being able to be used in off-shore 
installations, if it wer6 not for the high power 
35 consumption of operating plants using the nitrogen 
refrigerant cycles . 
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Nitrogen expander cycles have not as yet met with 
widespread use or acceptance for LNG production from 
natural gasfields because of the high power consumption of 
using such refrigerants due to the inherent inefficiencies 
of using nitrogen as the refrigerant. One inherent 
inefficiency results from the warming curve of the nitrogen 
refrigerant not being able to be closely aligned to or 
matched with the cooling curve of the feed gas being used 
to produce the LNG. Any divergence between th-j two curves 
results in inefficiencies due to waste or excess work being 
done by the refrigeration cycle. Attempts to match the 
curve by splitting the nitrogen into two portions after the 
first nitrogen flow cooling phase and passing one portion 
through a valve have only resulted in small reductions in 
15 power consumption. Furthermore, such nitrogen expander 

cycles have only been used for small scale liquefaction of 
natural gas from boil-off after the initial liquefaction, 
where the liquefaction can be performed at higher 
temperatures and the gas consists mainly of lighter 
20 hydrocarbon portions. Furthermore, in previous nitrogen 

flow cycles advantage has not been taken of the work of the 
nitrogen as in the present invention where the work 
collected in the expander is used in the compressor. 



Therefore, if the power consumption disadvantages of using 
25 the nitrogen recycle process could be overcome, it would be 
possible to enjoy the inherent advantages of using these 
processes and moreover if it were possible to use a 
nitrogen expander cycle more efficiently it could be 
possible to produce LNG from field gas more efficiently and 
30 at a lower cost which would mean that reserves of natural 
gas thac hitherto before could not be used to product LNG 
economically could now be used as the LNG could be made 
more cheaply. Also it would mean that LNG production 
facilities could be located off-shore. 



35 



Therefore, it is an aim of the present invention to provide 
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a modified nitrogen expander cycle or other process using 
nitrogen as a refrigerant which results in the production 
of L.NG more economically and efficiently so as to render 
the production of LNG to be more viable in existing plants 
5 or to be able to commission new plants for making LHG, or 
to locate LNG plants in places where it has not previously 
been possible, such as for example off-shore. 

However, it is to be noted that the present invention is 
not limited to the liquefaction of natural gas using a 
10 modified nitrogen expander cycle but it can equally apply 
to the refrigeration of any feedstream in which there are 
large separations between the cooling and warming curves of 
the feedstock and refrigerant respectively when the simple 
nitrogen cycle is used as the refrigerant. 

15 According to the present invention there is provided a 

method of treating a feed material to produce a commercial 
product by liquefaction of the feed material using a single 
phase refrigerant, said method comprising dividing the 
/ refrigerant into two or more supply portions, supplying a 

20 first portion of the refrigerant to a first heat exchanger 
for cooling the feed material to an intermediate 
temperature and supplying a second portion of the 
refrigerant to a second heat exchanger for cooling the feed 
material to a further temperature such that the temperature 

2 5 of cooling of the second portion is lower than the 

temperature of cooling of the first portion whereby the 
warming curve of the refrigerant of the first and second 
supply portions comprise at least two discrete portions 
having different gradients so that the combined warming 

30 curve of the refrigerant is more closely matched to the 
cooling curve of the feed material so as to minimise 
thermodynamic inefficiencies and hence power requirements 
involved in operation of the method. 

According to another aspect of the present invention there 
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is provided a method of t^atinc a „*► , 

material to 5 3 natu "l gas feed 

• heat exchanget J coo \°: ° £ th » "««rant to 

over different tenperatare ^ - ^ «° -teriai 
temperature of ~~ n • at the 

«a™in a curve of the I 1 "" 6 "' °° th « tb. combined 
~ of the llZr ^ UP ° f the 

terete ^lent" = o °* " £ri —' ^Mt 

'efferent oan b Vl ^ Wa ™ i,IS ««• of the 

t«- ooouo S en " : ; oft :r::;- y aaju " ea c ° ci °— -** 

thermodynamic ineffi.i so .a, to minimise 

in the operation « ~ " "* he ° Ce ^i™ nt8 

cion of the method to produce hk . 
Product by selectively alterino ► „ commercial 
' «oh refrigerant portion to e h P ° rti °" S °* 

"frioerant into L i ee to""" ^ 

•Least two portions. 

Typically, there are two «->, 

-fri„rant. „ ocs ~ »»" -"one of 

to as, of t" toil ^it p r:: ions ~ di ^ 

refri gerant i8 " In the ^ent that the 

—a hly 50Vto ^T^l^^' ^ « 
«~ -e second portion. Ho. ^TauTt T ^ '° ^ 
Portion is suppii ed to the fir B 7 t 

temperature of Coolincr , exch ^ -uch that the . 

r .-eratnre°:r;:: 1 ;i; f \r:L::"o 1 ;:. ia - 

typically, the stream of i P°r tl on. More 

— - - ^z:: oT:;i i:^tt:;r c ° th ° 

^re typically to an ex , n exchanger, even 

exchanger to ^^^J"* * - 

stream of greater volume is passed. 

A further modification of 

on of the present invention relates to 
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dividing the nitrogen refrigerant stream into three 
separate streams. m this embodiment which is a furthe^ 
varxatxon on. the split nitrogen flow process there a*-e 
three expander, in parallel with each other with splits - 
approximately . 20/50/30% by volume of the total volume of " 
the nitrogen refrigerant. The coldest level (30%) runs at 
an outlet pressure of 11.7 bar or similar fco other 
embodiments described, while the warmer levels (50% and 
20%, run at a different outlet pressure of 19.4 bar The 
hxgh pressure feed to the third (warmest) expander is 
precooled to 10 o C by a conventional refrigeration or 
chxlled water system, however, the system can be configured 
to run without it at slightly higher power requirements 
in thxs embodiment where the refrigerant is returned to or 
forms the main refrigerant stream there are three separate 
parallel streams, each stream having one of the three 
expanders in parallel. The three streams are returned to 
separate exchangers. The warming/cooling curve of this 
arrangement shows that the two curves are more closely 
aligned and match with each other in the region from about 
-100 C to about 20o C , particularly in the region about 

40 C ' in addltlon t° etching of the curves 
below about -100°c. 

Typically, the present invention provides a " signif icant 
improvement in the simple nitrogen expander cycle process 
for the licjuefaction of gases, particularly natural gas, 
and more particularly when producing LNG . The improvement 
in efficiency of the simple nitrogen re f rigeration cycle „ 
applxed to the liquefaction of natural gas is achieved 
through modification of the closed loop refrigeration cycle 
to allow closer alignment or matching of the warming curve 
of the nitrogen refrigerant with the cooling curve of the 
natural gas, or of the combination of natural gas and 
nitrogen refrigerant which is to say the process of the 
present invention is operated by adapting or changing the 
warmxng curve of the nitrogen refrigerant to more closely 
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approximate the cooling curve of the feed gas being 
processed when the cooling curve of the nitrogen 
refrigerant used for the precooling step is also taken into 
account . 

5 llore typically, the present invention provides a 

significant improvement to the simple nitrogen expander 
cycle process for the liquefaction of gases including 
natural gas. The method of the present invention comprises 
dividing the refrigerant into two portions after initial 

10 precooling in the first exchanger whereby the first portion 
is expanded at near to isentropic conditions in a turbo- 
expander to provide cooling of the natural gas to about 
-95°C and also to provide further cooling of the second 
portion of the refrigerant such that when this second 

15 portion is also isentropically expanded in a second turbo- 
expander it provides final cooling of the natural gas 
stream to the required temperature of about t140°C to 
-160°C to form LNG suitable for the next stage of 
processing which is reduction of the nitrogen content of 

20 ^ the LNG if required. The division of the refrigerant into 
two portions at two different temperature levels allows the 
close matching of the warming curve of the nitrogen 
refrigerant to the cooling curve of the natural gas feed 
and cooling curve of the nitrogen refrigerant when being 

25 precooled. 

Typically, in the operation of the simple nitrogen expander 
cycle all of the high pressure nitrogen refrigerant is 
first cooled to an intermediate temperature by the low 
pressure nitrogen refrigerant at a colder temperature and 

3 0 then the cooled high pressure nitrogen is expanded in a 

turbo -expander to form a cold low pressure nitrogen stream 
to further cool the natural gas to the required temperature 
to form LNG which is from about -14 0°C to about -160°C. 
The. intermediate temperature is selected to be low enough 

3 5 such that when the nitrogen is expanded in the turbo- 
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expander the temperature of the cold i 

~ -us Produced by the h ^ I- Pres^e nitroffen 

~ to s . bcool the natural gas ^ 8 e ; u :r eatiy iow 

temperature of ahout -I4 0 o c to -i 60 o c At !! 

which exists at the coin „ . " ten P^ature 

warming curve of the > ^ ^ ^ 

coolie curve of the T7" ^ ^ ^ 

ela „ f the feed ffas accordingly there is « 

close approximation of both curves at this V 
which is the lowest temperature temperature 

P-cess. Thus this T "^"^ ° f the COOli ^ 

iflUS ' thi s sets the lowest- t-o^~ . 
heat excha^e procees l0We " "^erature of the 



10 



15 



2 0/ 



25 



The „ar» ino curve o£ ^ ^ re£rigera 

the „am iD0 curve h °! e «ion i. achieved 

— =u^ of \: a ; :°:: n t :; fri ™ - th ° 

«v^h.-_ che "ana end of ths 

exchanaer. This aete the upper limit of m 8 
"su'efaotion prooe.e Thu. k operation of the 

Poeeihle to obtain "J i U ° ln ° ""^ iC is 

the , ra ana oo^ eL . *T T"" « hoth 

different ourvee „! ! bSC — the 

the reepeet e on^ It I™ °* ^ 

— it i. not poa Sibl t M t ::t; o te portion o£ 

hetween the t„ ourvee over th! entire t 

the prooeaa, i.e. the t„o eurve. TZ^^l 

their intermediate portions. ^Sll llZl^" " 

rr:e c - rr- a - 

•hape and diver Jt^T "~ *" ^ "~ 
of the nitrooen warming curve 

linear ^^o^^ ** diV6 ™ »~ the 

* the com P le « cooling curve is * 

measure of ~~ Ui ve 1 s a 

ure of and represents thermodynamic inefficient 
lost work in operating the overall Drccefi GfflClencles or 
•i-^**. . uveraiI Process. Such 
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cycle compared to other processes such as the mix^d 
refrigerant cycle. Such a situation is represented by 
Fig-are 1. 

Typically, operation of the present invention, hereinafter 
referred to as the split flow nit.ogen expander cycle 
results in reduction of the thermodynamic inefficiencies or 
lost work when using this improved method. Such reductions 
axe achieved by dividing the warmxng curve for the nitrogen 
refrxgerant into a number of discrete sections each having 
different slopes so that the warming curve of the nitrogen 
refrxgerant is more closely matched to the cooling curve of 
the feed gas and nitrogen so that the temperature 
dxfferences and hence thermodynamic ^osses between the two 
are minimised. m one example of the present invention 
described below and illustrated with reference to figure 2 
the warming curve is divided into two discrete sections by' 
splxttxng the supply of compressed and cooled nitrogen used 
« the process into two parts. ' T he first supply part is 
expanded in a turbo -expander to a lower pressure at a lower 
temperature and provides cooling to an intermediate 
temperature. The second supply part is coded further and 
then expanded in a second turbo -expander to a lower 
Pressure at a still i cwer temperature and. provides cooling 
of the natural gas to the lowest temperature retired of 
the ixquef action process. The flow rate of the second 
supply part is chosen so that the slope of the warming 
curve of the nitrogen is approximately the same as that of 
the cooling curve for subcooling natural gas in the cold 
end of the heat exchanger. This maintains close temperature 
approaches or approximation throughout the exchanger The 
second supply part of the nitrogen refrigerant is warmed in 
the heat exchanger to the same temperature as that achi*v*d 
xn the expansion of the first supply part of the nitrogen 
xn the first expander i.e. to the intermediate temperature 
'5 I.n this example the two turbo-expanders are located in 
parallel arranged streams. 
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In a typical example of the present invention both of the 
nitrogen supply streams are expanded to the same pressure 
which allows the streams to be recombined at the 
intermediate temperature leval, hence simplifying Uie heat 
exchanger arrangement . The combined streams are now 
reheated as before in the simple nitrogen expander cyx:le 
and the increased mass flow of the combined stream compared 
to that of the second supply part of refrigerant results in 
a reduced slope of the warming curve of the refrigerant in 
the remainder of the heat exchangers. The flow rate of the, 
second supply part cf nitrogen is chosen to give a feasible 
temperature approach at. the warm end of the first 
exchanger. As illustrated by a comparison between Figures 
1 and 2 the split flow nitrogen expander cycle of Figure 2 
increases significantly the average internal temperature at 
which the heat exchanger is operated and more closely 
matches the warming curve of the refrigerant to the cooling 
curve of -the feed gas and nitrogen as compared to the 
simple cycle, especially at or toward3 the cold end of the 
heat 'exchanger. 

Typically, further improvements to the split nitrogen 
cycle include combining other known enhancements with t): 
simple cycle of the present invention. Such enhancements 
include adding a separate precooling refrigeration cycle 
(e.g propane, ammonia absorption or frecn) to the nitrogen 
cycle which increases the efficiency of the simple cycle. 
The use of two expanders to expand the cooled nitrogen 
serially in two stages with reheating of the cold gas from 
the first expander before expanding in the second expander 
also increases the efficiency of the simple cycle. 

The present invention will now be described by way of 
example with reference to the accompanying drawings in 
which: 

Figure 1 is a plot of the nitrogen refrigerant warming 
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curve as a comparison of the LNG/nitrogen cooling curve for 
the simple nitrogen expander cooling cycle in accordance 
with the prior art showing the divergence of the two curve 
from each other in their respective intermediate portions, 
which divergence represents wasted energy. 

Figure 2 is a plot similar to Figure 1 of the nitrogen 
refrigerant warming curve compared to the LNG/nitrogen 
cooling curve using the split nitrogen flow expander cycle 
of the present invention showing a closer matching of the 
two curves to each other, particularly in the respective 
intermediate portions, which demonstrates a saving in 
energy. 



Figure 3 is a plot of the nitrogen refrigerant wanning 
curve compared to the LNG/nitrogen cooling curve in 
accordance with the. present invention when using further 
embodiments of the split flow nitrogen expander cycle 
involving the use of a preceding refrigeration system and 
serial expanders showing even greater matching of the two 
curves with respect to each other over almost the entire 
curves, which results in further energy savings. 

Figure 4 is a flowchart of the split flow nitrogen expander 
cycle process operated in accordance with the present 
invention from which the plot of Figure 2 is derived. 

Figure 5 is a flowchart in accordance with which the split 
flow nitrogen cycle process of the present invention having 
a small precodling refrigeration system and reheating 
expander steps is operated from which the plot of Figure 3 
is derived. 

Figure 6 is a flow chart of the split flow nitrogen cycle 
process in accordance with the present invention having a 
full precooling refrigeration system such that one part of 
the nitrogen refrigerant is not used in the first exchanger 
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and accordingly cold n- t- 

the compressor r ° 5e " 19 " tu ™ a C ° of 

o£ che present ii!vention _ ^ 

Example 1 

on, embodiment of the present invention wiu 
e*ampi, of the present iovention as 

«: :r::: of :. iean naturai - «~ «~-. — * 
u». i e l o : :r ch °: t the »- - ~ 

stream „► „ 8 compressed natural 9 as feed 

stream at about anient temperature, denoted b y reference 
IT J : Predominant!, methane. J t Lied n 

LTrr^r™" * - ™ -- carbon 

erran« s D r^r^ 1 ":""- 

depends on the ' necessary 

of undeMranre ~^ion and the Xevel and natu« 

u-.desrrable contaminants or impurities present in ,h 
natural gai fe e d p,-.- Present in the 

„ . . fretreatments for removing the 

ontamrnants and impurities are in accordance „i h 
techn^es to tbo.e SKiUed in the art 

The treated feed, stream - 

Plant A i. ► " ^ er31 ^ from Pretreatment 

Plant A is then passed to and cooled in h-at ei on 

• neat exohansers comprise one or mor- 
heat exchangers and use the main stream of ni ro a L 
refr 10 erant as the cooiant . More specif icau/ Z e 
of cooled feort Uy - the stream 

led feed gas 3 emerging from heat exchanger 100 1. 
Passed serially through heat exchanger 101 ^ lt i. 
cooled to -84°r ere xt ls 

stream , fM « c ^-r 101 as 

stream 4 is passed through heat exchanger 

ix^efxed feed 5 emerging from heat exchanger 102 is then 
further cooled to approx -l 49 °c with a small 
n ^ rnrT/l ^ . * u Witn a seller scream of 

nrtro 0 en r„frr S erant at a temperature of about - 152 °c in 
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heat exchanger 103 . The subcooled high pressure LNG 
stream 7, exiting from heat exchanger 103 then flows 
dxrectly to storage, after reducing the pressure through a 
valve or other suitable means., or if necessary, via a 
conventional nitrogen rejection unit B where nitrogen is 
removed in the flash gas resulting from the letdown of 
Pressure of the LNG, depending on th& ^ Qf ^ 
the feed and/or the LNG specification retired for storage 
and subseguent use or transportation to a remote site for 
subsequent use. Thus, natural gas feed is introduced in 
the form of a gas as stream 1 and is discharged as a LNG in 
the form of a liquid as stream 7 . 

The nitrogen refrigeration cycle which transforms gas 
stream 2 to i iauid 8tream 7 „ m ^ ^ de8cribed 8fca 
with warm nitrogen stream 22. which has been exhausted of 
axl or most of its cooling properties by absorbing heat 
from^the feed gas. The warm nitrogen, stream 22, exhaust 
of its cooling properties is at the lowest pressure of the 
cycle of about 10 bar, and is fed to and repressed in a 
multistage compressor unit 105 provided with interceding 
and aftercooling stages to produce compressed stream 23 at 
about ambient temperature. Operation of compressor unit 
.05 consumes almost all of the power required by the 
nitrogen axprndr cycle. stream 23 is divided into 2 
streams 24 and 25 which are fed to compressors 108 109 
respectively so that each stream is boosted in pressure 
from about 30 bar to about 55 bar by compressors 108 and 

Tol TJ OTm Str6amS ^ 27 tA -ly. Compressors 

108,109 are attached to expanders 106 and 107 respectively 
and recover the majority of the work produced by the 
expanders 106,107 (to be described in detail below) 
Alternatively, compressors 108 and 109 can be replaced with 
a single compressor driven by both expanders 106 and 107 
such as for example being connected to a common shaft . The 
compressed nitrogen streams 26,27 are combined into a 
sxngle str.am 28 which is then cooled in aftercooler 110 to 
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ambient conditions to produce stream 29 which fl D , 
exchanger 100 as „^ ,„ lows to 

. Parties. t^ l^ """"^ * ^ C ° 0li - 

" 10 eiDergeS aS 8t "- exchanger 

The close approach or approximation of the refria. ► 
warming curve to the f , • rigerant 

in . ne feed cooling curve made Dossinio x, 

10 operating the. system in accordance the ™^ le * 

invention is achieved in this example by 8pl ! ^ 
compressed nitrogen r^r-i "Pitting the 

" gea refrigerant stream 11 which * 
heat exchanger loo . w nich exits from 

uer 100 mto two main norHnnc „». 
stream 12 « Portions, stream 13 and 

» a ,_ ole ; ::::: : ::i::;::rrr £ro ° 

Id a temperature IOi to f °™ stream 

emperature of approximately -84°c bv fh- 

-« £ r oa ,11217 nl " 00ea ' 31 ' " hi=h — ««t 

nad been previously precooled t- n a ~ 

». t u The :rr hare 

formed from 8treams 31 ^ 14 • ^ Streaa 1S ' 

31 ana 14 is then expanded At- , 
isentropic conditio* < P M at close t ° 

conditions m expander 107 at a pressure of 
approx 11 bar to for™ - pressure of 

*r co form a very cold stream 16 of nit-™.. 
3 refriaeranr mu nitrogen 
rigerant. The resulting cold stream, 16 which i. a , 
temperature of approx _ 152 o c , A " at a 

Pressure imp ■ UMd t0 8ubc °ol the high 

Pressure LNG m exchanger 103. The flow rate of 8trea ! as 
is chosen to provide a e i nfln . stream 1 6 

warming curve to the L , T °' refri * er ^ 

about -lOOoTin " ^ ^ *» 

«t«l lfi aCCOrd — *th the present invention. 

Stream 16 emerges from heat exchanger 103 as stream 17 
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used to provide coolina of i->,« 
aas feed stream 5 -i „ k 3 ° f tne natural 

oeecribed in more detail later. 
The modification of t*. 

conventional m> Pre ""' t in ™"°" the 

- »o» J: .ir s cycie resides Miniy - uh «»- » 

0 -ided from ZZ H ™ Sed - ^ ™ -~» 

. whlch ie stream 12 i fl , 

Portion of the mVm the lar 9er 

«* of the ; ;: ::r™ «'« » - - — 

etreaxn 11 froa wfaich ' " 18 *<> noted that 

= Precooled to a t« dsri ^d had been 

ea to a temperature of approx -o 0 o c in . , 
exchanger 100. stream to • 

•XPaader 106 The , , " COnsi ^^l y f urther cooled 

«>- The resulting cold stream 8t r Mm i« 
from. expander 106 at - - stream 18, exits 

, „ lth 8tram ^rnr^r::: :r* - io4oc and - 

is need to cool th- . aPPr °* -l 0lloc «>d 

and 100 in turn h ; t MtUrSl »' f « d *» •«h U9 . r . 1M>101 

•PPrccWicHf the " " " <°* "» close 

=oolin 0 curve n the — *- ««. to the LHG 

accordance with th "' 10n8 ^ ^ '"^ " 
ce with the present invention. 

the low temperature nit™ U " d C ° Pre =° o1 

» in a*chan a er 101 and t h " ""^ ^ 

it i. Precooled to ^ct 27^ "*~ " " 

c in exchanger 100 
Provides the greater a ™ , Stream 18 

srreater amount of coolino of 
the present invention. Process of 

With particular reference to Figure - it 

in contrast to th- be seen that 

to the essentially atrA^hf • 
refrigerant warmir, straight line of the 

* c warming curve of the .^i, 

tne simple nitrogen cycle as 
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temperature levels *n cwo different 

■Levels allows the combined cooHn 
natural gas and . cooling curve of the 

nitro 3 en referent suoh as f at th t e J 00ll ° 9 — °< th. 
This is demonstrate* k "»P«aturee below . 100 o c . 

which compares th \ wa C0DPari8M ° £ 1 — * 

^ res tne warmmg curves for t-K<, 

P-cess of the present invention rl Tos2 ^ 
approaches of the split ,i„ ■ temperature 
smaller the m oo roa :: 1 r e . L: 1 "; 9 " *» 

- «ov 1<3e s. e s^sti :: - — >«•■• 

1 for the spl it flow nitroo UCC1 ° n ln p °"« retirements 
-ith the present invent'on ^ ™-e 

"::; B ::j:;i r ::::L y r: that sputti - — 

stream 11 to streams 12 and n 
Passing through exchanger 100 and ^ " 
streams at a di££.« . , "fuming these two 

streams 2 ^ "r^V* ^ * ™^ 

A further improvement in power consumption for th 

flow nitrogen cycle of fho option for the split 

oht,i„ea by the y u ; : £ £ th~ » * 

or a further embodiment- ^ 
invention which involves the use of a slTl 
refri 0 eration ovcle and a th,- „ PrecooUna 

- shape of the nitron ^T^T" 
match the coolina cu™ warming curve to 

wuaang curve even more closei,, 
an example of the edit <n„ ■ Flffure 5 B ^ B 

provided with the 1,1 

with the modifications of this 6xamn1 
above. . The matchina r>* example mentioned 

ccn - a!J of the two curves us-i™ • 
embodiment is shown in Figure 3. ° ^ 
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This embodiment will now be described with particular 
reference to Figures 3 and 5. It is to be noted that the 
reference numerals of Figure 5 are unique to this 
embodiment , and may or may not be used to refer to the same 
5 features in Figures 4 and 6. As in th« previous example, 
lean natural gas 1 is treated and then liquefied by 
exchange with cold nitrogen gas and flows to storage via a 
conventional nitrogen rejection unit B if required. Thus, 
streams 1 through to 8 are as previously described in 

10 Example 1, with stream 7 being the LNG which goes to 
storage and stream 8 being a flash gas derived from 
nitrogen rejection unit B which is passed to and through 
exchanger 109 for producing compressed fuel gas. The 
modification of this embodiment relates to exchanger 100 

15 and the presence of a precool refrigeration system 114 and 
to having three expanders, 106, 107, 108. The cooled and 
compressed nitrogen, stream 10, is precooled to a 
temperature of -30°C in heat exchanger 100 by exchange 
against a combination of nitrogen refrigerant stream 21 and 

20 a separate refrigeration package 114. This refrigeration 
package 114 is a conventional refrigeration cycle using 
propane, freon or ammonia absorption cycles and consumes a 
relatively small amount of power, such as for example about 
&% of total power consumed by the main nitrogen cycle 

25 compressors 105. In heat exchanger 100 not only is the 
feed gas stream 2 being cooled but also nitrogen 
refrigerant stream 10 is also being cooled. This is the 
first change from Example 1. 

The precooled nitrogen stream 11 emerging from heat 
30 exchanger 100 is split into two portions as in Example 1 
and the smaller portion, stream 13, is further cooled in 
heat exchanger 101 and 102 against the counter flow of 
nitrogen refrigerant in strewn 19 and 23 to a temperature 
of approx -82°C. Stream 15 is then combined with a small 
35 stream of nitrogen, stream 36, which has been precooled to 
approx -120°C in exchanger device 109 using cold natural 
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gas/nitrogen re^rf- o*-^^ 

g-n reject streams, stream 8, produced by the 

med cold stream, strewn 16. i. then expanded 
no isentroprc condition, in expander 108 at a pressure o 
5 appro, u bar . T he r eeulting cQla streaa * = ~» », 

pzi:;:^" appr ° x - i52 ° c is ueed - - 

pressure LHG in exchanger 104. The flow rate of stream „ 
- chosen to give a close approach of the LNG coo „Tnd 
nitrogen warming curves, in the regions below -loo*c 

' e T ^ir* 0rti0n ° £ n1 "— "fr i3 era„t stream. 

IZ » " " '»«•«'• <* «P»r« 15 bar in 

expander 106 after preceding to a temperature of 
approximates -30°c as described previously in Kxampie 1 
The resulting cold stream, str-am « „ . 
approx -99°c ifl U8ea to ' at a «>»P«ature of 

102 103 „h natUral 0aB faed in exchangers 

to a 1 : " rehea " d in "a and 103 

to a temperature of approximately - 75 oc and then expanded 
to a pressure of approx 10.5 har in expander 10, 

resulting cold stream, stream 25 .e . 

=>"o. stream 25, at a temperature of 

' -"Tand" 0 13 COIBbined " lth 18 al °° at 

102 101 USSd " C ° 01 ° atUral ° aS £aad in exchangers 

102. 01 an d 100 . The cold nUrogen u » 

the low temp nitrogen stream 13 in exchangers 101 and 2 
100 using stream 21 and a conventional refrigeration 

from en " rea ° " U in 

from the mam refrigerant stream, passed seguentially 

through expanders 106 and 10, before returning to the main 

ITZIZ " rSam - The " £0ra ' *» — «— * there 

are two streams in parallel with one of the streams being 
passed through two expanders in series. This is the second 
modification of this example. 

The warmed nitrogen, stream 37 . is reoompressed in a 
multistage compressor unit 105 with interceding and 
aftercooling and then boosted in pressure to approx S5 bar 
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by confessors 112 ^ ^ attarh . t 

expanders 106, 107 and 108 and recover JL 

work produced bv th. « - ma ^rity of the 

uced by the expanders. Alternatively th, 
compressors 111 i 12 „„,, y ' the 

5 d 113 may be combined in one 

5 CMprMwr by expanders 106. 107 and 10 « 

a common shaf> ™, 108 att *ched to 

cooled L ' =™-d nitrogen stream 33 is 

oled an aftercooler 110 to ambient conditions and „ 
as stream 10 to = , ° ns and flows 

■ to ^changer 100 and refrioeraH^ 
where it is Dr -„ n ■, "deration package 114 

precooled to -30°C as described above. 

10 Example 3 

A modification of the arrangement of F imire 5 ifi nh . 
Fionrp mw 5 1S shown in 

2 " riK ; n ° : ficacion - « to Btr _ 

™ winch is passed to compressor 105 ,„ ,„ 
-dilation o £ tUis „. U shown [■ D " e 

21 exiting exchano.r m, • ^ re 6 ' stream 

100 but rather " ^ -«*«g.r 

All, the " dir - tly to compressor 105 

A1H the precooling for the high pressure „u 
2p- and natural g as tmmA . Pressure nitrogen stream 10 

1 * as *©ed stream 2 to -3 0°r n e ~ 

21 of Ficniro c ^ ever ' as stream 

« not 0 aln"e at al *"* thr ° U ° h " Ch — it *oes 

"» J7. Therefore, less work is reguired to 

" embodiment of Figure 6 i, I "corain,^ tbm 

° re eneroy efficient in 

IZHTIT re " ire9 PO " er " in "r„ 

results in more economical production of lng operation 

IOr the embodiment of Figure 5. 



WO 95/27179 



PCT/AU95/00I9! 



>4 - 



10 



15 



20 



™ relativ * Performances of the nit. 

shown in Fismre 1 ° f . the n ^rogen expander cycle as 

nitrogen expander cycle of th " fl ° W 

- F i£rure 2, and tZ l ia '«tion as shown 

' the two versions of 

expander cycle w ith preceding and re^l 

xn Figure 3 were simulated J ^ ^ expander as shown 

tonnes/day of lng f rnm , Production of/I^O 

iNG from a lean natural gas t*** - ' 
Pressure of 55 har , . gaa feed a * a supply 

r_55_bar and temperature of 30°C.^J 

r comparison purposes, the flow Bt»&fcZ^/j*tt-~ 
natrogen cycle of the p rior art used " ^ ' 7 

equivalent to exenan ^ excha ^ers 5 

-re^s 12 , 18 ^ 101 ™ only, omitted 

' 8 and com P«s8or/expand e r 106 m« • 
fc-e a split nitrogen flow of Zo paral 1 ^ 
not have two -onmr« Parallel streams and did 

cwo compressors/expanders in paran.i *• 
characteristic feature nf Parallel which is a 

teature of the present invention 




Table 1 compares th* ™ 

—Par^ co the »"7» 7 1>0 " er r ' mi *°™» «• also 
35 - a 8 be in3 ^ al " ri ° erant CyC " USi " 3 « of 
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From the above result- a • _ 

•p«t nitrogen ^ ade ;:; c z — - <* the 

of- 21.1 mw against th. ■ i ^ 3 P ° WSr -Auction 

action of 2^127 nitr ° gen eXPand " C - le — 
Pressure of „ ba :i ™ r " CyCle - At 3 

opti^ expansion ratio , 6 " trWn eoa »«"ion system the 
r. i ° for the expander i n m,„ 

, cycle results in a rom~ ln the simple 

appror iMt e ly ,", ° UCti °° •« 

i. to in = re „ e the o ; ^ e ^< expander 

appro* 10 bar.. Thie = an be ° V " ^ " 

benefit, includin, , e *P'«ed to have several 

arpanders that caa be 'J*™ " tlOS f °' th. n it „ as „ 

«a S e. Th. hia her e l an ' Si09le 

yfler expansion ratio for 
cycle may re gui re the . f ° r the nitrogen 

reeult „ . further do ^ to the use of a third expander 

— =~e for the 

« «. the precool :;j^::::r;- - ^ 



10 



15 



WO 95/27179 

PCT/AIJ95/00I91 



- 26 - 

—pressor operates st, ""^ ° f th * 

„. ces at approximately -3*o r 

the precooling refrigeration ^ dUty for 

^ever the duty of tl <~ to 8 ^ 

«" ^ving a further I """"^ ^""^ 'all. to 33 1 
father reduction of 3 MW overall. 

With particular reference to F igure 2 anH , 

the process of the nr« a - • operation of 

temperature of about - 20 o C J / " Preceded to a 

^trogen stream l0 is - , ' **** t±me ' c ° o1 

to. about -20°C. Both oTu C ° 0led 6XCh — l0 ° 

nitrogen stream 10 natUral f ° ed 2 «d 

"cream lo are cooled i-v^ 

"ream 21 . Thc c ^ » *ctxon of nitrogen 

-ith the warming curve of 1 " * tC * eth « 

^ the warmest"! V " f ' 4 "»«o- stream 

-en that both t ^1 ' "° * 

— itrogen 00011^^^ ^ " 
when the L NG /nitroaen coincident whereas 

/nitrogen is at about -20°r '• 
refrigerant is at about - 38 °c. Kroger 



Heat exchanger 101 reduces th* 

^ed stream 3 which ! temperat ^ of the natural 

-frigerant stream 13 wh lcn > * ^ ^ nit — 

to about - 84 o c 'J" 1 ; 11 *~ tS 38 "r- 14 from about 
stream 20. * ^ ° f nit ^n refrigerant 

Ia hSat 102 the LNG gas stream 4 ■ 

a temperature of about -84°c * 8 8trea * 4 is reduced from 

84 c to about -100° C by the action 
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of refrigerant stream 19. 

The slope of the nitrogen refrigerant warming curve from 
about 30°C to about -105°- is of constant gradient due to 
the same amount of refrigerant being passed through each of 
heat exchangers 102, 101 and 100 in turn. 

in heat exchanger 103 the temperature of the natural gas 
feed stream 5 is reduced from about -100°C to about -14 9 ° C 
by nitrogen refrigerant: stream 16. As the mass flow rate 
of nitrogen refrigerant stream 16 is less than that of 
streams 19, 20 and 21 the slope of the nitrogen 
refrigeration warming curve over this temperature range is 
different to that of streams 19, 20 and 21. m the 
described example the gradient of the nitrogen refrigerant 
warming curve in exchanger 103 is greater than that in 
exchangers 102, 101 and 100 and is more closely aligned to 
the gradient of the LNG cooling curve from about -105°C to 
-152<?C. Therefore, by judiciously adjusting the 
circulation rate of nitrogen refrigerant stream 17 coming 
from expander 107 and passing through heat exchanger 103 it 
is possible to minimise the energy losses of the split flow 
nitrogen cycle at the lower end of the temperature range by 
more closely aligning the warming curve of the nitrogen 
refrigerant to that of the LNG cooling curve ia the same 
temperature range. Accordingly, less energy is retired to 
operate the overall process and in particular in 
compressors 105 because less energy is being wasted in 
exchanger 103, 102 and 101 when compared to the simple 
nitrogen expander cycle shown in Figure 1 and more energy . 
is recovered in the isentropic expansion of stream 15 in 
expander 10 6 and expander 107 is operated at a higher inlet 
temperature producing more work than in the simple cycle. 
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Thus, by having a split flow of the nitrogen refrigerant it 
is possible to have two expanders in parallel and the 
relative ratio of the flow in each of the splits of the 
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flow can be selectively adjusted by passing more or less 
through each expander. with reference tc Figure 2, it can 
be seen that the same amount of refrigerant passes through 
exchangers 100, 101 and 102 and hence tha slope of the 
warding curve- Figure 2 between -105°C and 30°C is 
constant. Because of the split in flow less refrigerant is 
passed through exchanger 103 than through the remaining 
exchangers and hence the gradient of the nitrogen 
refrigerant warming curve corresponding to passage through 
exchanger 103 to change the temperature from -105<>C to 
-152°C is different. 

With particular reference to Figure 3, the effect of having 
a third expander can L« readily seen by the changes to the 
gradient of the warming curve in the region from about 
-100«C to about -80-C where a closer fit to the cooling 
curve of the LN-G/ nitrogen is possible by selectively 
adjusting the relative ratios of the flow,, through the 
expanders . 

r. 

Also with particular reference to Figure 3, the effect of 
the precool refrigeration system 114 can be seen by the 
change in gradient of the warming curve . m the region 
above about -40'C the slope of the warming curve due to the 
passage of stream 21 through exchanger 100 by itself would 
re3ult in a temperature cross in exchanger 100 indicating 
that stream 21 by itself cannot provide sufficient cooling 
to cool streams 2 and 10 to -30°C. The multistage 
preceding refrigeration system provides the extra cooling 
reared (indicated by the horizontal portions of the 
warming curve) at typically 3 temperature levels to 
maintain the separation of warming and cooling curves. 

Advantages cf che present invention include that split 
nitrogen expander cycle operates entirely in the single 
Phase gas region which allows the elimination of all 
compressor suction drums, phase separators and refrigerant 
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accumulators retired in the mixed refrigerant process 
The single phase of the refrigerant eliminates the flow 
distribution problems associated with two phase flow in 
heat exchanger devices and allows the. use of conventional 
aluminium plate fin exchangers without the associated phase 
separators a*d distribution systems normally required or 
offers an alternative to the highly specialised and 
expensive spiral wound heat exchangers conventionally used 
in mixed refrigerant process plants. 

The described arrangement has been advanced by explanation 
and many modifications may be made without departing from 
the spirit and scope of the invention which includes every 
novel feature and novel combination of features herein 
disclosed. 

15 Those skilled in the art will appreciate that the invention 
described herein is susceptible to variations and 
modifications other than those specifically described. It 
/ is understood that the invention includes all such 

variations and modifications which fall within the spirit 

2 0 and scope. 
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THE CLAIMS DEFINING THE INVENTION ARK A;5 FOLLOWS: 

1- A method of treating a feed material to produce a 

commercial product by lic-ef action of the feed material 
-ma a single phase refrigerant, said method comprising 
adding the refrigerant into two or more supply portions, 
suppxymg a first portion of the refrigerant to a first 
heat exchanger for cooling the feed material to an 
intermediate temperature and supplying a second portion of 
the refrigerant to a second heat exchanger for cooling the 
feed material to - further temperature such that the 
temperature of cooling of the second portion is lower than 
the temperature of cooling of the first portion whereby the 
warming curve of the refrigerant of the first and second 
supply portions comprises at least. two discrete portions 
having different gradient., so that the combined warming 
curve of the refrigerant is more closely matched to the 
cooling curve of the feed material so as to minimise 
thermodynamic inefficiencies and hence power retirements 
involved in operation of the method. 

20 2. A method of treating a natural gas feed aaterial 

to produce a commercial LNG product by liquefaction of the 
feed material using a single phase refrigerant comprising 
at least mainly nitrogen, said method comprising dividing 
the refrigerant into at least two portions, supplying each 
portion of the refrigerant to a different heat exchanger 
for cooling the feed material over different temperature 
ranges, such that the temperature of cooling of each 
portion of refrigerant in the heat exchanger is different 
so that the combined warming :urve of the refrigerant made 
up of the warming curves of the various portions of the 
refrigerant exhibits discrete gradients corresponding to 
the various portions of refrigerant so that the combined 
warming curve of the refrigerant can be selectively 
adjusted to clos«ly match the cooling curve feed material 
so as to minimise thermodynamic inefficiencies and hence 
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power requirements in n.„ 

CS ln the operation of the method to 
Produce the commercial ln- n^ . 

the relative proper^ / * -lively altering 

each other " v ^ ^ " M "«"= Portion to 

-o portions ^ ^ " fri ™ ^to the at least 

iracteriirrL:: 0 ::: 1115 ; 0 any one ° f ciai - 1 - 2 

nitron or a mL tur oTnl" ^ 

-thane in which the > ^ ^ ^ 

n which the nitrogen is i„ a Mjo , 

A method according to any preceding claim 

r c ;:r: in ^ — - ° to tw . 

four or more portions of refrigerant. 

A „ethod aocordina to any pre«ain B claim 
charactariaea in that the refrigerant i s aivLeo nto t 
port.one. the £i „ t »«o two 

55% of the tn^.i <n * to 80 "°' Preferably 

to w i r k wherea9 " he 8econa 13 *«- 

5,0-*, preferably 35 % of the total flow. 

charact ^ t0 Preceding claim 

characterised in that th. • 

least two • ■ refrigerant is divided into at 

least two portions, « ach portion fcei different 
temperatures and each n^i . different 

a SaCh Potion passing through a 
turbo-expander, wherein the turbo -expanders are arra „ • 
parallel so that * • • ^ arranged in 

so that the divided portions may - e retu ^ 0 , 
the main refrigerant. returned to 

A method according to any preceding claim 
characterised in i-h**. -v. . . ciaim 

fl ln that the divided portions a fh e . 
through the turhn ~ a after Passing 

« the turbo-expanders are passed to different 
exchangers ooerat- -i™ ^ • nt 

» operating at different temperature- wherein „ 
Portion is pasaed through oQe exc before'bl 
to another exchanger a*d th- ger . bef ° re bsi ^ P»— d 

throuah ^W " " ?ortion « Passed 

tnrough the another exch? nn »r * 

stream. exchanger to form a common refrigerant 
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A method according to & ny preceding claim 
characterised in that there are tWQ di vided ^ 

streams in parallel, the first stream passing through a 

tTturr rbo_expander ~ d the ° ther stream ******* — > 

two turbo-expanders in series, said first and second 
streams being in parallel and being recombined before 
passing through an intermediate exchanger. 

9- A method according to any preceding claim 

characterised in that the divided refrigerant streams are 
" 7 ed ° r COmbined " ith •«* o^er at the same pressures 
::2ZT^ Pri ° r " h ^ Sdmitted t0 » —-ate 

10 • A method according to any preceding claim 

characterised in that there is a precool refrigeration 
system and that at least part of the refrigeration stream 
is cooled by the precool refrigeration system, said at 
least part of the refrigeration 'stream being the stream 
that is divided after being precooled. 

A method according to any preceding claim 
characterised in that the refrigerant stream is divided 
"to at least two streams after passing through a first 
exchanger and a first part of the divided stream is 
returned to a second exchanger and a second part of the 
divided stream is returned to a third exchanger wherein the 
third exchanger is operated at a lower temperature than the 
second exchanger which is operated at a lower temperature 
than the first exchanger. 

12. A method according to any preceding claim 
characterised in that the second divided stream has a 
lesser volume than the first divided stream. 

13. a method according to any preceding claim 
characterised in that the refrigerant stream is divided 
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mto three streams in a ratio of about 

first stream, from . about 3Q% 3 °« fo ' ^ 

and from about 20% to lnfc ! 8tre<Un 

in parallel relationship „ ith eaeh other 
" • A method accordin s to any preceding claim 

« vrded stream, rune , t » ouclet pI 

bar or s.m.lar pressures whilst the warmer divided 

~fr™t streams run at an outlet pressure of 19 . 4 har 



A method according to any precedina claim 
characterised in i-v^ ... y aiIC 

cooled before b 18 
before be.ng pa „. d to thfc third exchanger 

!!h , • A SCCOrdi ^ to «y Preceding claim 

ubstant.aliy as hereinbefore descried with referee to 
^ the accompanying drawings. terence to 

17 - A method according co any preceding claim 

o ITZIT as herei — e — with reference to 

cue foregoing examples. 

according to'iT^ ^ Pr0dUC * b - * -thod 

according to any preceding claim. 

oroc .** inStaUati ° D « Pl«t for carrying out the 

process of anv of ~_ 

llmi ... „ y f thS precedl ^ claims to produce a 
IXQ^efxed natural product, particularly a LNG . 
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[received hv th Q t ■ AMENDED CLAIMS 

- u iiiij i - j y (4 p a g e5 ) j 

in tnat J r r "! al U ' Ue£a « i - "°~ss. characterise* 

ens process comprises the Stan. „( 
»s through a series of h, t ! P^ssrna natural 

r.lat'on.1,- exchangers in countercurrent 

r-lat.onehrp „ xeh a el le refrioe-ant „ 

throuoh a cooiino c.cie. euhstantian" ZZllH 
e*panoina portions of refri B erent to aif er I 1 
ZZTl" " WWCh Portions are ^ 

3 9 : :r ec r ve heat exchan!j " s *» - 

~y tn ™^ ^ — ature ran B es. 

all sa^c p rlL" ° —"in, 

discnar i! olw tt 86 ; ° £ 

7 cooled natural ffas from a f • , 

at an exit tw^ratur- in t h„ exchanger 

^ uure ln the range -160°r t-^ . . Ar> ^ 
supplying to the final h e »t- k °' and 

rafHn in " 1 neat exchanger of 8aid serie£J 

refrigerant portion a- es a 

y ■ n a " a cooling temperature anr" 
amount selected ir> *-k 6 and ln * n 

CCea 111 the range of 20 to 50% of m,. ■ 
refrigerant so that the part of the r J 
curve relating to the fi Ll h t 1 
matched to and has suhstantiallv the same .i 
of the natural „„„ , . l0pe as the P a ^t 

natural gas cooling curve extending over the 
temperature range f ro . 8aid exit J ^ 

L the «f^:«7. < T ,B to claim - *» 

ef.igerant is nitrogen or mainly nitrogen. 

3 - A process according to claim 1 or 2 

characterised in that- .= . 

in cnat the refrigerant nor•^.r^„ „ ■ , . 
the final heat -»~h . Portion supplied to 

4 - A process according to claim 1 or 2 

characterised in that the refrigerant exits the f 
exchanger flt a , . .*#««. exits the final heat 

xenanger at a temperature of about -104° C . 

AMENDED SHEET (ARTICLE 19) 
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3 - A process according to claim 1 or 2 

TlZ^ZT that the refr ™ ^«'.«pii- ^ 

h r exchanger is cooied - bef ° re bei - 

by heat exchange with the isentropically expanded 
refrigerant, the refrigerant portion supplied to ar , h • 
flowed throucrh ,. ho , applied to an-, having 

anoth-r rerle ^ 
nother re f r 10 erant portion t<J £om a ^ 

of the refriL y ° te-perature 

3 COOled "friorerant portion being cooied throuah 

in a ' C ' ^ thS =°°li"* »t tSM 

rTrillTl e=<Chan0 "- " hSrein °" ~ <* "id other 

£ r c p :i:;ir \° 8eiectea in th ° •* » - 

w.r»f„ "rculated refrrserant that the refrigerant 

te^eratnre rZ H "41*^* °^ 
-60°c. t0 40 C ' specially -80°c to 

6 A procesa according to any one of 

, y one ° £ the precedina 

before one portion is admitted to a heat exchanger. 

A process according to any one of the precedina 
claims, characterised in that M . • Preceding 

m cnat one refrigerant portion in 
passed throuoh om ^ n 18 

anoth . 5 ° nS h6at exc Wer and then passed to 
another heat exchanger, and another refrigerant nor, ' , 
Passed through said other heat exchanger Z7s " " 

suhseguently refined with said one portion to form a 
common refrigerant stream. 

A process according to any one of the precedina 
-ims, characterised in that the refrigerant is divided 

AMENDED SHEET (ARTICLE 19) 
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tt^r:/:::: 0 ::;^ the refri ™ — — - 

refrigerant ^ " ^ °< ^ «~ of 

Portions, the ZirTjllT 3eTant " ^ ^ 

turbo expander InT^T thr ° U * h 3 sin * le 

turbo L s t e h : i ™.-^- I- through two 

bein, in Par ; e n : r r fiw po, ions 

through a further T ^ " reCO *^ before pas 8 i ng 

a further one of said heat exchangers . 

10 • A process according to any one nf i-h. 

claims, charar^c.' a the ^ceding 

™, characterised m that the refriaeranr 
substantiallv . ^rigerant portions are 

isentropicallv ejman^i^ * 
about 55 bar. expanded from a pressure of 



15 11 



A process according to any one of t-v, 
claims, characterised in tW ^ Preceding- 
substantially ise ""! ^ -fri ff erant po rtions are 

about U w 1Sent — sanded to a pressure of 

A process according to any one of claims 1 ► , 
characterised f i> tL claims 1 to 7, 

ensed in that the refrigerant stream i *< 
into three portions in a ratio 1 T ^ 

first portion f rom I ^ I0% t0 30% for the 

v rciOD ' f ^°ni about 30% to 70% for- ♦->, 

fron, about 20* to 40% for the Z 7 P °" i0n 

Portion, nee,eotive ly , ana the r * , ^ "* 
e*Panaea in e ^ er , arranffed £o pa ~ •» 
with each other. relationship 

13. 



13 • A process according to claim n „>, 

the nef r i S e r ant portioo suppl ^ ^ * "<=""^ *» 
e~han,er i. ei! pandea to about U., ha. 



14. 



A Prooee, aooo r ai„ g to any on, of the preoedin g 
AMENDED SHEET (ARTICLE 19) 
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claims, characterised in that the refrigerant ■ 

a precool ref r i«.«. • ret-xgerant ls cooled in 

P^UcL 0 " ey8te " be£ ° re b6i - - ««- 

^ "a iM B ^ t :i: c i : B u;irr ina " My one ° £ the — i - 

laily as herein described with t---f~ 
the accompanying drawings. reference to 

2.6 

A process according to any one of 
claims subatanH.n the Preceding 

substantially as herein described vHf* * 
the foregoing examples. reference to 

*0 17 a i • 

according to ~ * 3 

cordxng to any one of the preceding claims. 

Process ^o^T^ " ^ «- 
cordxng to any one of claims 1 to 16. 



15 



20 
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exchanger, . ^ ' " rl " ° f fin heat 

sjers, and a compressor havino an 
receive warmed refria.„„* . connected to 

cutlet connected to IT — and an 

co-lessor meals ^ 
Portion, or compose reL * WCh 
wherein the tulo e" Li! . ! "™ 
connected e„ e:tI> » a «' have refrigerant outlets 

connected to respective heat exchangers for a., ■ ■ 
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